Continuous ow syntheses have attracted attention as a powerful method for organic, nanomaterial, and pharmaceutical syntheses because of various features that produce benets in terms of efficiency, safety, and reduction of environmental burdens. 1-7 Advances of homogeneous heating and mixing techniques in continuous ow reactors have engendered further developments for precise reaction control, which is expected to create innovative materials through combination with multiple-step ow syntheses.
Microwave (MW) dielectric heating has been recognized as a promising methodology for continuous ow syntheses because rapid or selective heating raises the reaction rate and product yield. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] For the last two decades, most MW apparatus has been batch-type equipped with a stirring mechanism in a multi-mode cavity. Therefore, conventionally used MWassisted ow reactors have been mainly of the modied batchtype. Results show that the electromagnetic eld distribution can be spatially disordered, causing inhomogeneous heating of the reactor. [19] [20] [21] [22] [23] [24] [25] Improvements of reactors suitable for ow-type work have been studied actively in recent years to improve their energy efficiency and to make irradiation of MW more homogeneous. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] We originally designed a MW ow reactor system that forms a homogeneous heating zone through generation of a uniform electromagnetic eld in a cylindrical single-mode MW cavity. 26, 30 The temperatures of owing liquids in the reactor were controlled precisely via the resonance frequency autotracking function. Continuous ow syntheses of metal nanoparticle, metal-oxide, and binary metal core-shell systems with uniform particle size have been achieved using our MW reactor system. 26, 38, 39 Furthermore, large-scale production necessary for industrial applications can be achieved through integration of multiple MW reactors. 30 Carbon-supported metal catalysts are widely used in various chemical transformations and ne organic syntheses. Particularly, binary metal systems such as Pd@Pt core-shell nanoparticles have attracted considerable interest for electrocatalysis in polymer electrolyte membrane fuel cells (PEMFC) because of their enhanced oxygen reduction activity compared to a single-use Pt catalyst. Binary metal systems also contribute to minimization of the usage of valuable Pt. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Earlier studies of carbon-supported Pd@Pt syntheses involved multiple steps of batch procedures such as separation, washing and pretreatment of core metal nanoparticles, coating procedures of metal shells, and dispersion onto carbon supports. Flowthrough processes generally present advantages over batch processes in terms of simplicity and high efficiency in continuous material production.
We present here a continuous synthesis of carbon-supported Pd and Pd@Pt core-shell nanoparticles as a synthesis example of a carbon-supported metal catalyst using our MW ow reactor. This system incorporates the direct transfer of a core metal dispersion into a shell formation reaction without isolation. Nanoparticle desorption is prevented by nanoparticle synthesis directly on a carbon support. The presence of protective agents that are commonly used in nanoparticle syntheses, such as poly(N-vinylpyrrolidone), can limit the chemical activity of the catalyst. Nevertheless, this system requires no protective agent. Moreover, this system is a simple polyol synthesis that uses no strong reducing agent. It therefore imposes little or no environmental burden. For this study, the particle size and distribution of metals in Pd and Pd@Pt core-shell nanoparticles were characterized using TEM, HAADF-STEM observations, and EDS elemental mapping. From electrochemical measurements, the catalytic performance of Pd@Pt core-shell nanoparticles was evaluated.
A schematic view of the process for the continuous synthesis of carbon-supported Pd@Pt core-shell nanoparticles is presented in Fig. 1 . Details of single-mode MW ow reactor are described in ESI. † We attempted to conduct a series of reactions coherently in a ow reaction system, i.e., MW-assisted ow reaction for the synthesis of carbon supported core Pd nanoparticles with subsequent deposition of the Pt shell. Typically, a mixture containing Na 2 [PdCl 4 ] (1-4 mM) in ethylene glycol (EG), carbon support (Vulcan XC72, 0.1 wt%), and an aqueous NaOH solution were prepared. This mixture was introduced continuously into the PTFE tube reactor placed in the center of the MW cavity. Here, EG works as the reaction solvent as well as the reducing agent that converts Pd(II) into Pd(0) nanoparticles. The MW heating temperature was set to 100 C with the ow rate of 80 ml h Àl , which corresponds to residence time of 4 s. The carbon-supported Pd nanoparticles were transferred directly to the Pt shell formation process without particle isolation. The dispersed solution was introduced into a T-type mixer and was mixed with a EG solution of H 2 [PtCl 6 ]$6H 2 O (10 mM). The molar ratio of Pd : Pt was xed to 1 : 1. Subsequently, aer additional aqueous NaOH solution was mixed at the second T-mixer, the reaction mixture was taken out of the mixer and was let to stand at room temperature (1-72 h) for Pt shell growth.
Rapid formation of Pd nanoparticles with average size of 3.0 nm took place at the carbon-support surface during MW heating in the tubular reactor ( Fig. 2a ). Most of the Pd(II) precursor was converted instantaneously to Pd(0) nanoparticles and was well dispersed over the carbon surface. Fig. 2b shows the time prole of the outlet temperature and applied MW power during continuous synthesis of carbon-supported Pd nanoparticles. The solution temperature rose instantaneously, reaching the setting temperature in a few seconds. This temperature was maintained with high precision (AE2 C) by the continuous supply of ca. 18 W microwave power. No appreciable deposition of metal was observed inside of the PTFE tube. It is noteworthy that Pd of 98% or more was supported on carbon by heating for 4 s at 100 C from ICP-OES measurement. Our earlier report described continuous polyol (EG) synthesis of Pd nanoparticles as nearly completed with 6 s at 200 C. 39 The reaction temperature in polyol synthesis containing the carbon was considerably low, suggesting that selective reduction reaction occurs on the carbon surface, which is a high electron donating property.
The concentrations of Na 2 [PdCl 4 ] precursor and NaOH affect the Pd nanoparticle size. Results show that the Pd particle size increased as the initial concentration of Na 2 [PdCl 4 ] increased ( Fig. S1a and b †) . Change of NaOH concentration exerted a stronger inuence on the particle size. Nanoparticles of 12.3 nm were observed without addition of NaOH, whereas 2.6 nm size particles were deposited at the concentration of 20 mM ( Fig. S1c and d †) . The higher NaOH concentration led to instantaneous nucleation and rapid completion of reduction. The Pd nanoparticle surface is equilibrated with Pd-O À and Pd-OH depending on the NaOH concentration. The surface is more negative at high concentrations of NaOH because of the increase of the number of Pd-O À , which inhibits the mutual aggregation and further particle growth. Furthermore, to control the Pd nanoparticle morphology, we conducted synthesis by adding NaBr, which has been reported as effective for cubic Pd nanoparticle synthesis. 52 However, because reduction of the Pd precursor derives from electron donation from both the polyol and the carbon support, morphological control was not achieved (Fig. S2 †) . That nding suggests that morphological control is difficult to achieve by adding surfactant agents to the polyol.
For Pt shell formation, carbon supported Pd nanoparticles (3.0 nm average particle size) were mixed with H 2 [PtCl 6 ]$6H 2 O solution with the molar ratio of Pd : Pt ¼ 1 : 1. Then additional NaOH solution was mixed. As described in earlier reports, 39 alkaline conditions under which base hydrolysis and reduction of [PtCl 6 ] 2À to [Pt(OH) 4 ] 2À takes place are necessary for effective Pt shell formation. It is noteworthy that the added Pt precursor was almost entirely supported on carbon within 24 h in cases where an appropriate amount of additional NaOH (5 mM) was mixed by the second T-mixer (Fig. 3a) . However, for 10 mM, nucleation and growth of single Pt nanoparticles were enhanced in place of core-shell formation. Consequently, a mixture of Pd@Pt and single Pt nanoparticles was formed on the carbon support (Fig. 3b ). Very ne Pt nanoparticles were observed in the supernatant solution. Fig. 4a portrays a TEM image of carbon supported Pd@Pt core-shell nanoparticles. The average particle size of Pd@Pt core-shell nanoparticles was 3.6 nm aer being le to stand for 24 h: larger than the initial Pd nanoparticles (3.0 nm). Fig. 4b shows the HAADF-STEM image of Pd@Pt core-shell nanoparticles supported on carbon. The core-shell structure of the particles can be ascertained from the contrast of the image.
The Z-contrast image shows the presence of brighter shells over darker cores. Actually, the contrast is strongly dependent on the atomic number (Z) of the element. 53 The Z values of Pt (Z ¼ 78) and Pd (Z ¼ 46) differ considerably. Therefore, the image shows the formation of Pd@Pt core-shell structure with the uniform elemental distribution. Elemental mapping images by STEM-EDS show that both Pd and Pt metals were present in all the observed nanoparticles ( Fig. 4c ). Based on the atomic ratio (Pd : Pt ¼ 49 : 51), they show good agreement with the designed values. The Pt shell thickness was estimated as about 0.6 nm, which corresponds to 2-3 atomic layer thickness of Pt encapsulating the Pd core metal, indicating good agreement with Fig. 4b image. For an earlier study, uniform Pt shells were formed by dropwise injection of the Pt precursor solution because the Pt shell growth rate differs depending on the crystal plane of the Pd nanoparticle. 46 For more precise control of shell thickness in our system, the Pt precursor solution should be mixed in multiple steps.
A comparison of the catalytic performance of the carbonsupported Pd@Pt core-shell and Pt nanoparticles is shown in Fig. S3 . † For this experiment, carbon-supported Pt nanoparticles with Pt 2 mM were prepared as a reference catalyst using a similar synthetic method. The initial Pt mass activities of the carbon-supported Pd@Pt and Pt nanoparticles were, respectively, 0.39 and 0.24 A mg Pt À1 , improving by the coreshell structure. In addition, durability tests for carbonsupported Pd@Pt nanoparticles show that the reduction rate of Pt mass activity aer 5000 cycles was only 2%. The catalytic activities of carbon-supported Pd@Pt nanoparticles were superior in terms of durability, suggesting that the Pt shell was rmly formed.
Conclusions
Continuous syntheses of carbon-supported Pd and Pd@Pt coreshell nanoparticles were demonstrated by integration of a series of reactions including MW-assisted polyol processes for core Pd nanoparticle formation, followed by coating with a Pt shell. Uniform core Pd nanoparticles (3.0 nm) were obtained continuously through 4 s of residence time. The NaOH concentration affected the Pt shell formation reaction. The Pt shell thickness of 2-3 atomic layers showed good agreement with the HAADF-STEM image. This variable-frequency single-mode MW reactor system is a promising candidate for the continuous production of carbon-supported metal nanoparticles. It is also a useful heating method for continuous ow syntheses in general.
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